Penetrative DNA intercalation and G-base selectivity of an organometallic tetrahydroanthracene Ru II 
Introduction
There is currently much interest in the design and mechanism of action of ruthenium anticancer complexes. [1] [2] [3] [4] [5] [6] [7] Structural distortions of DNA are thought to play a major role in the anticancer activity of many ruthenium and other transition metal complexes. 1, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] It is apparent that distortions induced in DNA by [(h 6 -arene)Ru(en)Cl] + organometallic ruthenium(II) arene anticancer complexes 1, 21, [24] [25] [26] [27] [28] (en ¼ ethylenediamine) differ significantly from those induced by cisplatin. 9, 10 In particular the arene appears to play a significant role in DNA interactions and the cytotoxicity of complexes shows a strong dependence on the arene. 19, 22, 23, 29, 31 The cytotoxic activity of these ruthenium arene complexes appears to increase with the size of the coordinated arene:
1,24,25 p-cymene (Ru-cym) < biphenyl (Ru-bip) < dihydroanthracene (Ru-dha) < tetrahydroanthracene (Ru-tha, 1, Fig. 1 ), the latter complex being as cytotoxic as the clinical platinum drug cisplatin. If the arene is extended, the possibility arises of intercalation between DNA base-pairs. Studies of the interactions of ruthenium complexes Ru-cym and Ru-bip with the 6-mer duplex d(CGGCCG) 2 revealed that the binding of Ru to GN7 is accompanied by strong H-bonding between GO6 and en-NH, and that the arene ligand distorts the duplex either via steric interactions (Ru-cym) or via intercalation 19, 22, 23, 32, 38 (Ru-bip), which may explain why the IC 50 values of complexes Ru-cym and Ru-bip are similar. 1, 24, 25 Further work 23 revealed a unique mode of binding of Ru-bip to a 14-mer DNA duplex: the monofunctional fragment {(h 6 -biphenyl)Ru(en)} 2+ is highly specific for GN7, although mobile at elevated temperature (migrating to other G residues). The uncoordinated phenyl ring of bip can be involved in p-p stacking with DNA bases either via classical intercalation 19, [35] [36] [37] [38] between the bases, or with a partially extruded T base. 23, 39, 40 Arene-base stacking may play a role in determining the rates of reactions of Ru II arene complexes with DNA, as appears to be the case for mononucleotides. We have shown previously that the tha and bip arenes can exert slightly different effects on the chemical reactivity of these Ru II complexes and on distortions induced in DNA. 26, 29, 30 For example the rate of reaction of Rubip with cGMP is ca. 2Â slower than that of 1, 27 but Ru-bip induces similar unwinding of DNA as complex 1 (14 ) . 26 Both of these complexes can potentially intercalate into DNA, leading to ''downstream'' effects on DNA processing and repair mechanisms. Ru-bip is an aromatic intercalator, 22, 23, 41 in which all the protons of the extended ring are within the aromatic plane, and can form p-p interactions with bases; however, the extended rings B and C of tha in 1 are bulky non-aromatic groups; the three rings A, B and C are not in the same plane and the H5,8 and H9,10 protons are located above or below the arene ring plane by nearly 0. 9 A. The extended rings B and C cannot form p-p interactions with bases in the same way that aromatic intercalators do and so Ru-tha is more sterically demanding than Rubip. It is reasonable to predict that the intercalative interactions between duplex DNA and Ru-tha or Ru-bip should be quite different. The Ru-tha complex 1 is 10 times more toxic to cancer cells than Ru-bip. 24, 25 Bulky substituents at the sites of DNA lesions may activate nucleotide-excision repair; 42, 43 however, reports of intercalation by bulky molecules are rare. Gomez-Pinto et al. 44 have shown that intercalation of a modified nucleotide containing a cholesterol derivative into a DNA decamer induces DNA distortions which are different from those induced by aromatic intercalators.
45,46
Threading intercalation has attracted recent attention because the intercalator occupies and interacts strongly with both the minor and major grooves of DNA simultaneously. This has been observed for polyaromatic intercalators, [47] [48] [49] dinuclear metallointercalators, [50] [51] [52] [53] and platinum complexes with aromatic side-arms, such as acridine-9-ylthiourea. [54] [55] [56] As a result, threading intercalative interactions promise high DNA binding affinity and specificity, a slow rate of dissociation, and an enhanced ability to block DNA-protein interactions.
50,57
It is important to understand the mode of interaction between [(h 6 -tha)Ru(en)Cl] + (1) and DNA since a major contributor to its high potency appears to be the lack of repair of the lesions formed on DNA by this complex, 29 i.e. lack of recognition by repair enzymes. In the present work we have investigated the role of the extended non-aromatic bulky tha in interactions of [ N-en labelled 1. A nearcomplete NMR spectral assignment of the NOESY NMR spectrum of the 1.1 : 1 1/II mixture was achieved, although its complexity precluded full structure determination. Assignments were made possible by the known selectivity of 1 for guanines, and the localization of structural perturbations to residues close to the ruthenated G residue. Thus, sequential assignments along each strand always led to cross-peaks largely identical to those of the non-ruthenated duplex. Despite extensive overlap of NOE cross-peaks, little ambiguity in the assignments of individual resonances was found, with cross-validation of signal assignments from related connectivities being possible, with the help of [ N] HSQC NMR data were also acquired for 2 : 1 and 3 : 1 1/II mixtures, but the spectra were too complex for interpretation.
HPLC and ESI-MS characterization of products from ss-DNA I+1
A 100 mM aqueous solution of 1 was incubated with I at 310 K at Ru : I molar ratios of 1 : 1, 2 : 1 and 3 : 1 for 48 h in the dark, and these were then analyzed by HPLC. The low ionic strength (5.1 Â 10 À4 M) ensures that this self-complementary oligonucleotide remains largely single-stranded (calculated melting temperature 264 K) under these conditions. 58 New peaks were observed for each reaction ( Fig. 2 and Table S1 †), and the adducts associated with them were identified subsequently by ESI-MS. The peaks for the observed negative ions are listed in Table S1 . † Reaction at a Ru : I molar ratio of 1 : 1 resulted in three mono-ruthenated products together with three di-ruthenated products. Reaction at a Ru : I molar ratio of 2 : 1 resulted in three di-ruthenated products together with a tri-ruthenated product. Reaction at a Ru : I molar ratio of 3 : 1, gave only one main HPLC peak corresponding to a tri-ruthenated product.
HPLC and ESI-MS characterization of products from reaction of duplex II + 1
An aqueous solution of 1 was incubated with duplex II in 0.1 M NaClO 4 at ambient temperature for 24 h at a Ru : II molar ratio of 1.1 : 1 in an NMR tube in the dark. This gave rise to HPLC peaks which were identified by ESI-MS as ss-DNA I and two mono-ruthenated single-stranded products (see Fig. 2(d) , Table S1 †), with relative peak area ratios of 2 : 1. Another equimolar amount of 1 was then added to give a Ru : II molar ratio of 2 : 1, and was kept at ambient temperature in the dark for 48 h. This gave HPLC peaks which were identified by ESI-MS as two mono-ruthenated and two di-ruthenated singlestranded products (see Fig. 2 (e) and Table S1 †). (see Fig. 2d ). This gave a Ru-IIa : Ru-IIb ratio of 2 : 1 (AE10%).
NMR characterization of products
Other species account for less than 10% of the total DNA. The 2D TOCSY NMR spectrum of the 2 : 1 1/II reaction mixture shows that peaks for other new species are present but not all can be assigned due to the complexity of the spectrum (Fig. 3C ). It was notable that the intensities of the CH5-CH6 cross-peaks for C 5 /C 11 residues of free II decreased remarkably, but those of the CH5-CH6 cross-peaks for C 10 ,C 40 and C 50 residues of the ruthenated species increased markedly. The 2D TOCSY NMR spectrum of the 3 : 1 1/II reaction mixture shows that the CH5-CH6 cross-peaks for C 5 /C 11 residues of free II almost completely disappeared (Fig. 3D) (Fig. S3 †) . Peaks were assignable to en-NHu resonances (the NH protons oriented Table 1 1 H NMR chemical shifts for [(h 6 -tha)Ru(en)(Cl)] + (1) and bound fragment {(h 6 -tha)Ru(en)} 2+ (1 0 ) in the 1.1 : (Tables S2-S4 †) and HPLC results (Fig. 2) ; for DNA sequence, see Scheme 1.
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towards the coordinated arene ring, see Fig. 1 and (Fig. S3 †) . The assignments are listed in Table S5 Tables 1, S3 and S4, † and intermolecular NOEs in  Tables S6 and S7 . † For Ru-IIa, a large low-field shift of the G 3 H8 resonance was observed, as was also the case for H8 of the neighbouring G 2 base and H5 and H6 of the neighbouring C 4 base, relative to free duplex II (Fig. S4 and Tables S2 and S3 † Table 1 ). Compared to the unbound chloro form of 1, peaks for 1 0 -H1/H4 and H2/H3 of the coordinated arene (see Fig. 1 for labelling) were shifted to low-field, the largest shift being for 1 0 -H1/H4 (Table 1) . Peaks for 1 0 -H9/H10, H5/H8 and H6/H7 of the non-coordinated rings were shifted to low-field by +1.00, +0.12 and +0.09 ppm, respectively, the largest shift being for 1 0 -H9/H10 (Od ¼ +1.00 ppm). Two sets of slightly Table 1 ). These results are consistent with ROESY experiments (data not shown).
Discussion
Complex 1 selectively ruthenates guanine bases in single strand DNA I or duplex II (Fig. 2a-c) with a similar pattern to that observed for the biphenyl (bip) and p-cymene (cym) complexes.
22
Complex 1 is as reactive towards duplex II as the Ru-bip complex, and much more reactive than the Ru-cym complex. This pattern of reactivity was observed previously with calf thymus DNA, for which t 50% values of 10 min, 10 min and 3.5 h for complexes 1, Ru-bip and Ru-cym, respectively, were found.
26
Precipitation of adducts was observed when >1 mol equiv. of Ru-bip or Ru-cym complex was added to duplex II (0.2 mM).
22
However, no such behaviour was observed in the present work. Addition of up to 3 mol equiv. of complex 1 to duplex II, even at the higher concentration of 0.3 mM, did not result in precipitation. This suggests that the nature of the arene influences intermolecular interactions. However, precipitation of adducts was observed when >3 mol equiv. of complex 1 was added to duplex II (0.3 mM), and was also the case when the reaction mixture of 1 + II (3 : 1) was kept at 277 K for long periods (ca. four weeks).
Intermolecular interactions are probably also influenced by the order of occupation of the Ru sites and the extent of arene intercalation (for tha and bip). (Fig. S2 and Tables S3 and S4 †). In contrast, the imino proton resonances of the monointercalated duplexes and di-intercalated duplex ruthenated with Ru-bip are broad and weak, implying that the base-pairs are disrupted in the duplex with an increase in dynamic mobility of the bases. 23 High-field shifts of imino proton resonances were found for mono-ruthenated species in the 1 : 1 reaction mixture of Ru-cym complex + II, and platination of the 14-mer duplex d(TATGTACCATGTAT)/d(ATACATGGTACATA) also causes high field shifts of G imino proton resonances.
Determination of binding sites by NMR

23,59
Structural perturbations induced by ruthenation with complex 1 are larger than those observed for Ru-bip and Ru-cym complexes, 23 and are localized to within a few (AE2) base-pairs of the ruthenation site in all cases for complex 1, while only the two adjacent bases (C 4 and C 10 or C 5 and C (Tables S3 and S4 †) .
Intercalation
Literature reports show that intercalation into DNA base pairs can often be recognised by distinctive features, 19, 22, 23, 49, 54, 61, 65 including (a) upfield 1 H NMR shifts of resonances of the intercalator; (b) NOE cross-peaks between protons of the intercalator and DNA bases at sites of intercalation; (c) the interruption or weakening of NOE connectivities between sequential DNA nucleotides; (d) the absence or weakening of the correlation peaks of H3 0 n -31 P n+1 and H3 0 n -31 P n at sites of intercalation steps and the large chemical shift perturbations at the intercalation steps; and (e) the weakening of the strength of H-bonding between en-NH and GO6 in the case when the ruthenium complex Ru-bip with an extended arene ring system was involved.
22,23
It is notable that no large high-field shifts of proton resonances of 1 0 were detected, but large low-field shifts up to +1.00 ppm were observed for protons H9,10, H5,8 and H6,7 of rings B and C in the mono-ruthenated duplexes II-Ru-G (Table 1) . These shifts are inconsistent with shielding effects from the ring-currents of nucleobases which form a sandwich with the intercalated non-coordinated rings of bound 1 0 , and so do not provide evidence for intercalative binding. 19, 49, 54, 65 For example, upfield shifts of between À0.4 and À1.0 ppm have been reported for Ru-bip intercalated into 6-mer or 14-mer duplex DNA, 22, 23 and upfield shifts of À0.1 to À1.0 ppm for the intercalated dap (1,12-diazaperylene) ligand of the dirhodium(II) carboxylate complex [Rh 2 (dap)(CH 3-COO) 3 (CH 3 OH) 3 ] into a 12-mer duplex DNA.
19 Such large lowfield shifts of the bulky tha intercalator have not been observed for other bulky intercalators, for example, large high-field shifts have been observed for bulky intercalated cholesterol groups. (1 0 ) shift to low field. The single crystal X-ray structure of (1 0 -GMP) 28 shows that ring Cof1 0 is tilted towards the purine by 27.8 and lies directly over the purine base, indicative of strong intramolecular p-p stacking between ring C and the purine ring with a centroid-centroid separation of 3. 45 A and dihedral angle of 3.3 . Intercalation of the non-coordinated rings of 1 0 into the DNA duplex is also consistent with circular and linear dichroism data. 26, 29 (Fig. 4) . 62 Previous work has shown that the intercalation sites of the non-coordinated phenyl ring of Ru-bip in mono-ruthenated duplexes Table S5 †), which is consistent with intercalation of the non-coordinated rings of 1 0 into duplex DNA II. Similarly weakened hydrogen bonds were also observed when the biphenyl ring of Ru-bip intercalates into the hexamer duplex. 22 The strength of the H-bond between G*O6 and en-NH is related to the decay rate of the en-NH signals when II-Ru adducts are dissolved in 99% D 2 O. 22 For the non-intercalated adduct with Ru-cym, the half-life was 72 h. However, those of the mono-and di-intercalated Ru-bip adducts were only 5 h and <0.1 h, respectively.
NMR studies show that the arene-nucleobase p-p stacking of 1 0 with hexamer duplex is different from that of Ru-bip. (1 0 )) suggest distortion of bases-pair planes around the site at which the tha has penetrated and the system is likely to be highly dynamic in and around the intercalation sites. The dynamics of II-Ru-G
6
(1 0 ), in which the Ru binds to a terminal, potentially frayed nucleotide, would be expected to be significantly different compared with those for II-Ru-G 3 (1 0 ), in which the Ru binds to the internal base.
The data imply that in both cases the tha of 1 0 in the models has swung round so that the ring system points across to the opposite strand rather than penetrating so deeply into the strand to which the Ru centre is attached (G 3* or G This journal is ª The Royal Society of Chemistry 2010
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strand (see Tables S6 and S7 , † Fig. 6 ). In contrast in models for Ru-bip, the non-coordinated phenyl ring of the biphenyl ligand penetrates deeply at the G (Table 1 ), but the shift changes for H6,7 (+0.09 ppm) and H5,8 (+0.12 ppm) of ring C of 1 0 are rather small when compared with that for H9,10. These results are consistent with the base stacking of the non-coordinated rings and formation of short C-H/X(X¼ OorN) 67 hydrogen bonds between the protons of non-coordinated rings and bases as shown in models II-Ru-G 3 (1 0 ) and II-Ru-G
(1 0 ) (Fig. 6 ). It is clear that H5,8 and H6,7 protons are located within the confines of the purine ring G 9 in model II-Ru-G 3 (1 0 )orG 6 in II-Ru-G
(1 0 ), and the H9,10 protons are located exactly in the middle of the two strands (Fig. 6 ) and in the ring planes beyond the confines of the purine or pyrimidine rings.
It has been reported that proton chemical shifts may change by up to +2.1 ppm (downfield) on formation of C-H/X(X¼ Oor N) hydrogen bonds. 68 It is clear in the present case that the protons of rings B and C do sit near the edge of the purine or pyrimidine rings from the models II-Ru-G high anticancer activity both in vitro and in vivo and the high potency of the tha complex may arise in part from the lack of repair of the lesions formed on DNA by this complex, 29 and assist with elucidation of structure-activity relationships for this class of complexes.
